Being able to control the quality of the decoded data instead of the compression rate is suitable for applications where quality control is of utmost importance, yet we would like to be as economical as possible with respect to storage and speed of computation. In this paper we present a compression algorithm based on Harten's interpolatory framework for multiresolution that guarantees a specific estimate of the error between the original and the decoded image measured in the max-norm.
INTRODUCTION
Image compression plays a very important role in applications like tele-videoconferencing, document and medical imaging, etc. Traditionally, image compression techniques have been classified into two categories: lossless and lossy schemes. Lossless methods are typically chosen for applications where small image details can be very important, such as in medical and space imaging or in remote sensing. On the other hand, lossy methods are required in situations where significant compression ratios are needed. This is the case, for example, of digital photography, for which, generally, lossing some image detail is not problematic.
Recently, a third class of techniques has been generating a great interest among image coding researchers: nearlossless image coding. Near-lossless compression could potentially lead to a significant increase in compression ratios while providing, at the same time, quantitative guarantees about the type and amount of distortion introduced. In this paper we investigate near-lossless compression techniques based on certain multiresolution transforms.
Multiscale transformations are being used in recent times in the first step of transform coding algorithms for image compression. A multiresolution-based compression scheme can be schematically described as follows: Assume thatf L represents a sequence of data sampled at a given resolution. Then we obtain Mf
, its multiresolution representation, which is composed byf 0 , which cor-
Research partially supported European network by HPRN-CT-2002-00286. e-mail:arandiga@uv.es responds to a sampling of the data at a much coarser resolution, and a sequence of details, each d k representing the intermediate information which is necessary to recoverf k , the data sampled at level k, fromf k−1 . It is assumed that Mf L is a much more efficient representation of the image data, which is then processed using
) and passed on to the encoder. The latter produces the final compressed set of data which is ready to be transmitted or stored. Compression is indeed achieved during the second and third steps: the quantization and the encoding of the transformed set of discrete data.
The user-dependent strategy used to obtain M f L is usually designed so that Mf L and M f L are close, in the sense that for some prescribed discrete norm, ||f 0 −f 0 || ≤ ε and
as is the case in, for example, quantization. Decoding the compressed representation requires the application of M −1 , the inverse multiresolution transformation, to the modified data M f L . This step leads tof
set of data which is expected to be close to the original discrete setf L . In order for this to be true, some form of stability is needed, i.e., we must require that
In [1] , we consider a class of multiresolution transformations that ensure
The aim of this paper is to show some of the advantages of this family of transformations when used as lossless and near-lossless image compression techniques.
The paper is organized as follows: In section 2 we briefly recall the essential ingredients of the multiscale transformation we use, as well as some theoretical results establishing (1) . In section 3 we present some numerical experiments and the conclusions.
MULTIRESOLUTION BASED COMPRESSION SCHEMES WITH ERROR-CONTROL
Harten's multiscale algorithms have been widely analyzed in a series of papers (see [2] and also [3] and references 0-7803-9134-9/05/$20.00 ©2005 IEEE Here we are interested in the interpolatory framework, which can be described as follows: We consider that the pixels of a given imagef
are the point values of a given function at the points of
). Then, we can reduce the resolution of the information with:
From the resolution at level k−1,
i,j=0 , we can obtain an approximation to the resolution at level k using standard 2D interpolatory techniques (see [4] )
where β 1 = 9/16, β 2 = −1/16.
Then, by considering only the prediction errors
k−1 ) 2i,2j = 0) one immediately gets a one-to-one correspondence between
The stability of the multiresolution transformations within Harten's framework can be accomplished by a convenient modification of the direct transformation. The additional advantage of this modification is that it allows a detailed tracking of the local accumulated errors and, hence, it leads to specific (and computable) a priori and a posteriori error bounds. We refer the interested reader to [2], Harten's original paper on multiscale algorithms with errorcontrol and to [5] for more recent results on tensor product algorithms. In this paper we apply the error-control modification to the non-separable 2D interpolatory multiscale transformation. The algorithms are (see Fig 1 and [1] for full details):
end end
These algorithms lead to the following results (see [1] (Fig 1, Top) . 
i,j we obtain (4). COROLARY 2.1 (Near-lossless strategy.) Consider the error control multiresolution scheme described in proposition 2.1, and the quantization, that isd 
then, we have
In particular, taking ε = 0.5 and the processing strategy (5) 
∀i, j. Table 2 . Compression (bbp) and PSNR for the EC, JPEG-LS and CALIC strategies for different truncation parameters ε. Lena image
EC JPEG-LS CALIC

NUMERICAL EXPERIMENTS
To test the efficiency of the proposed algorithm, we process the image of the mammography displayed in Fig. 1 (Top) by using the transformation M M described in Algorithm 2.1. Notice that, according to corollary 2.1, the quantization parameter specifies the maximum allowable deviation between pixel values. We apply to M M f L a lossless entropy coding similar to the one used in the SPITH algorithm ( [6] ) that also exploits its multiresolution structure.
In Table 1 , we display the bit-per-pixel rate and the PSNR of the uncompressed image for various values of , together with the values obtained after using the JPEG Lossless (JLS) compression standard (see [7] ), which has a near losslessmode (referred as JPEG-LS) where the maximum error allowed can be specified before the compression is performed, just as in the algorithm we propose.
Even though our compression technique is rather unsophisticated, the compression rates of both algorithms are very close. There is, however, a significant difference in the PSNR, and also in the quality of the uncompressed images (see Fig. 2 ). In the original image a small white dot can be clearly observed. If this indicates a small tumor or anomaly, it should be clearly observed after a compressed version of the image is un-compressed, as it is in all cases. The main difference appears to be in the texture of the mammal tissue, which has a much better visual appearance when the EC algorithm is used.
For the sake of completeness we include a comparison with another state-of-the-art near-lossless coding technique: CALIC (see [8] ). We repeat the numerical tests in [9] (Table  1) for the Lena image and compare our results with those in [8] . As in the previous test case, it can be readily ob-EC JPEG-LS medical 2.02 1.60 lena 4.65 4.24 Table 3 . Compression for the EC and JPEG-LS lossless strategies.
served that, for a given maximum allowable deviation between pixel values , the PSNR obtained with the EC algorithm is always lower, hence the overall quality of the uncompressed image is better. It can also be seen that for large ε our algorithm outperforms the lossless JPEG-LS. We are actually investigating nonlinear interpolatory techniques in order to reduce the entropy of the multiresolution transform and hence to improve the compression ratio. We, also, have compared the lossless EC strategy of corolary 2.2 with the lossless JPEG-LS. In table 3 we can see that with our technique we obtain worse compression rates than with the JPEG-LS. However the simplicity of our algorithm gives us the possibility of using different strategies (lossless, near-lossless) in different regions.
